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1.2 1.2(a) IBM Race-track [1]
1.2(b) NEC [3]














(i.g. Pt, Ir) DMI [15,16]
Precessional motion







































~˙M = −|γ|( ~M × ~H) + α
M
( ~M × ~˙M) (2.1)




























(i.g. Pt, Ir) DMI [15,16]
DMI
DMI Walker breakdown field
[17]
2.6.1 DMI





















Bloch (x = 0) (2.9),(2.10)
[19]















1. (Hext) (−x) ( 2.4-1)
2. HD ( 2.4-2)
3. +z +x ( 2.4-3)
Steady motion





2.7.2 Walker model:1D Bloch wall
Bloch Steady motion Precessional motion




















vstdy Steady motion vprc Precessional motion ∆
γ α Hw Walker breakdown field A
(2.11),(2.12) 2.5
2.5 1D Bloch wall








(2.14) sin−1x Hzext (2.15)
(2.15) Steady motion
−2piMα ≤ Hzext ≤ 2piMα (2.15)
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Walker field (2.16)
Hw = 2piαMs (2.16)
2.8 Walker breakdown
Walker breakdown field (2.16)
Walker breakdown field (4.1)
Walker breakdown field (2.17) [23] Nx, Ny, Nz
Demagnetising factor




Ku + 2piM2s (1−Nz)




Ku + 2piM2s (2Ny +Nx − 1.0)
(2.18)









































LLG (3.1) ( )
~˙M = −|γ|( ~M × ~H) + α
M
( ~M × ~˙M) (3.1)
~M ~H γ α M





~˙m = −|γ|~m× ~H + α~m× ~˙m (3.2)
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~m
~m× ~˙m = −|γ|~m× (~m× ~H) + α~m× (~m× ~˙m)
= −|γ|{~m(~m · ~H)− ~H(~m · ~m)}+ α{~m(~m · ~˙m)− ~˙m(~m · ~m)}
= ~m{α(~m · ~˙m)− |γ|(~m · ~H)}+ (~m · ~m)(|γ| ~H − α~˙m)
= ~m{α(~m · ~˙m)− |γ|(~m · ~H)}+ |~m|2(|γ| ~H − α~˙m)
= −|γ|~m(~m · ~H) + |γ| ~H − α~˙m
(3.2) ~m× ~˙m




{α ~H − α~m(~m · ~H)− ~m× ~H} (3.3)
c = |γ|
1+α2
d = ~m · ~H
~˙m = c{−~m× ~H + α( ~H − d~m)} (3.4)
m˙x = c{−(myHz −mzHy) + α(Hx − d ·mx)} (3.5)
m˙y = c{−(mzHx −mxHz) + α(Hy − d ·my)} (3.6)




4 Runge-Kutta 4 [27]
∆t k
~m(t+∆t) = ~m(t) +
1
6
(k1 + 2k2 + 2k3 + k4) (3.8)
k1 = ∆t · f(t, ~m(t)) (3.9)
k2 = ∆t · f(t+∆t/2, ~m(t) + k1
2
) (3.10)
k3 = ∆t · f(t+∆t/2, ~m(t) + k2
2
) (3.11)
k4 = ∆t · f(t+∆t, ~m(t) + k3) (3.12)
f(t, ~m(t)) = (~m(t)× ~H + α(c~m(t)− ~H)) (3.13)
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k (3.5),(3.6),(3.7)
f(t,mx(t)) = c{−(myHz −mzHy) + α(Hx − d ·mx)} (3.14)
f(t,my(t)) = c{−(mzHx −mxHz) + α(Hy − d ·my)} (3.15)
f(t,mz(t)) = c{−(mxHy −myHx) + α(Hz − d ·mz)} (3.16)
3.3
LLG (3.17)
Heff = HK +HA +HD +Hext +HDMI (3.17)
3.3.1
z
(3.18) (3.19) Hk Ku
erg/cm3













































































































































































































mxi+1 − 2mxi +mxi−1
myi+1 − 2myi +myi−1
mzi+1 − 2mzi +mzi−1

 (3.29)
















mxi+1 − 2mxi +mxi−1
myi+1 − 2myi +myi−1







mxi+1 − 2mxi +mxi−1
myi+1 − 2myi +myi−1


















∆r · r∆θ · σ
r2 + z2
(3.32)
∆Hx = ∆H · r√
r2 + z2




∆Hz = ∆H · z√
r2 + z2
(3.33)





































(x, z) (x0, z0)




















































































) = qzz ·mz (3.44)
Hx = −Mx[log(x12 + z12)− log(x12 + z02)− log(x02 + z12) + log(x02 + z02)]
= qxz ·mz = qxz ·mz (3.45)
(3.42) (3.45) (3.46),(3.47)
Hx = qxx ·mx+ qxz ·mz (3.46)































− tan−1 (k − 0.5)dx
(0.5)dz
− tan−1 (k + 0.5)dx
(−0.5)dz + tan




qxz(k) =−M log [{(k + 0.5)dx}2 + (0.5dz)2]+M log [{(k − 0.5)dx}2 + (0.5dz)2]
+M log
[{(k + 0.5)dx}2 + (−0.5dz)2]−M log [{(k − 0.5)dx}2 + (−0.5dz)2] (= 0) (3.52)
n dx dz
qxx(k), qzz(k) (k = −n+ 1,−n+ 2, ..., n− 2, n− 1) 2n− 1








6 y − z x− z x− y




































x − z x − y
(3.55)
Hx = qxx ·mx+ qxy ·my + qxz ·mz
Hy = qxy ·mx+ qyy ·my + qyz ·mz (3.55)
Hz = qxz ·mx+ qyz ·my + qzz ·mz
(io, jo)







qxx(is− i, js− j) ·mx(is, js) + qxy(is− i, js− j) ·my(is, js) (3.56)








qxy(is− i, js− j) ·mx(is, js) + qyy(is− i, js− j) ·my(is, js) (3.57)








qxz(is− i, js− j) ·mx(is, js) + qyz(is− i, js− j) ·my(is, js) (3.58)
+ qzz(is− i, js− j) ·mz(is, js)
]
nx, ny x y 2
qxy, qxz, qyz 0 0
qxx(i, j), qyy(i, j), qzz(i, j), qxy(i, j), qxz(i, j), qyz(i, j), i =










C(j − i) ·B(j) (i = 1, 2, · · · , n)(n = 2m) (3.59)
3 31
A B n C 2n− 1 n (3.59)
Convolution A(1) . . . A(n) O(n2)
Convolution
Convolution
B C n Convolution
C n Convolution
1. B C Br(B ) Bi(B ) Cr(C
) Ci(C )
2. Ar(A ) Ai(A
)
Ar(i) = Br(i) · Cr(i)−Bi(i) · Ci(i) (3.60)
Ai(i) = Br(i) · Ci(i) +Bi(i) · Cr(i) i = 1 . . . n (3.61)
3. Ar,Ai A




n B C 2n B’,C’
B′ : B(1), B(2) . . . B(n), 0, 0 . . . 0
C ′ : 0, C(−n+ 1), C(−n+ 2) . . . C(0), C(1), . . . C(n− 1)
B’ B 0 n C’
Convolution 2n − 1 0








































































































• Ku = 4.1 Merg/cm3
• Ms = 660 emu/cm3
• A = 1 µerg/cm
• α = 0.02
• γ = 1.76× 107 rad/(s ·Oe)
• lanalyw = pi
√




• n = 192
• dt = 0.05 ps
• t = 200 ns
•
– dx = 1 nm
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(Hext = 84 Oe)




















Hext = 82 Oe Precessional motion
Walker breakdown field Hw = 82 Oe
5.2.3
(5.1) (5.4) Steady motion Precessional motion

























































































• n = 192
• dt = 0.05 ps
• t = 200 ns
•
– dx = 1 nm
– dz = 3.9 nm

















5.7 (dz = 3.9 nm)
Walker breakdown field
dz = 2000, 1000, 800, 500, 200, 100, 80, 50, 20, 10, 8, 5, 3.9 nm












































5.9 (dz =3.9 50 nm)
5 41
Walker breakdown field















































































































































































































































• n = 192
• dt = 0.05 ps
• t = 200 ns
•
– dx = 1 nm
– dy = 60 nm



















dy = 2000, 1000, 800, 500, 200, 100, 80, 60nm






































5.26 (60 200 nm)
Walker breakdown field
5 46



















































































































































































5.36 (dy = 2000.0 nm)





• nx = 192,ny = 30
• dt = 0.05 ps
• t = 200 ns
•
– dx = 1 nm
– dy = 2 nm
– dz = 3.9 nm







































1 2 Walker field
(ny) Walker


































Hw v 1 2
Hw






































































































5.46 ny=30 ( )














































































Walker breakdown field 82 Oe
82.9 Oe










– Ku = 4.1 Merg/cm
3
– Ms = 660 emu/cm
3
– A = 1 µerg/cm
– α = 0.02
– γ = 1.76× 107 rad/(s ·Oe)
•
– nx = 192,ny = 30
–
∗ dx = 1 nm
∗ dy = 2 nm
∗ dz = 3.9 nm
– Hext = 0.0 Oe
– ∆Ku = 0.1 4.0 Gerg/cm
4
6.2
∆Ku = 1.4 Gerg/cm


























∆Ku = 1.4 Gerg/cm










































∆Ku = 1.4 Gerg/cm


































































∆Ku = 1.4 Gerg/cm






F (r) = 2MsHe − ∂σ
∂r
(6.1)




























































HD Demagnetization factor (6.5d)
HD = 4piMsNz (6.5d)
6.3.2 Demagnetizing factor
Nx, Ny, Nz 3


























































6.10 2 3.5 Walker
breakdown field
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∆Ku = 1.4 Gerg/cm
4 Hext = 1.8 Oe



















6.13 Ku (MFsim) (EFeq)
6.13 EFeq





Walker breakdown Ku 3.9 Merg/cm
3 Breakdown
6.14 Ku


























Ku = 3.9 Merg/cm
3
Walker breakdown field Ku = 3.9 Merg/cm
3 1.67 Oe 1.8 Oe
1100 cm/s Walker breakdown field
Walker breakdown
Walker breakdown field (6.6)
Hw = 2piαMs (6.6)
(6.6) Ku Walker breakdowo field Walker breakdown
(6.6)
3 (6.7)




Ku + 2piM2s (2Ny +Nx − 1.0)
(6.8)
Walker breakdown field Ku = 3.9 Merg/cm
3 Walker breakdown field
6.1
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6.1 ∆ Walker breakdown fieldHw
∆ Hw(Oe)
MFsim : Ku = 3.9 Merg/cm
3 7.44 1.67

















































breakdown Ku = 3.9 Merg/cm
3
Ku = 3.9 Merg/cm
3
Walker breakdown field Ku = 3.9 Merg/cm
3 1.67 Oe 1.8 Oe
1100 cm/s Walker
breakdown
Walker breakdown Walker breakdown field













• Ku = 4.1 Merg/cm3
• Ms = 660 emu/cm3
• A = 1 µerg/cm
• α = 0.02
• γ = 1.76× 107 rad/(s ·Oe)
• nx = 192,ny = 30
•
– dx = 1 nm
– dy = 2 nm
– dz = 3.9 nm
7.2
7.2.1
• Hext = 1.0 3.0 Oe
• ∆Ku = 0.0 Gerg/cm4













































7.2 DMI=0.3 1.0 erg/cm2
DMI DMI
DMI Neel Precessional motion
Walker breakdown field
DMI=0.5 erg/cm2 Walker breakdown
DMI Precessional motion
7.3







• Hext = 0.0 Oe
• ∆Ku = 0.1 4.0 Gerg/cm4






































































































Hw ≈ αHD (7.2)


























































HD = 4piMsNz (7.3d)
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7.36 DMI=0 0.06 erg/cm2
7 DMI 77




4 Precessional motion Bloch line







DMI Walker breakdown DMI=0.06 erg/cm2






Walker breakdown Steady motion Precessional motion





































Walker breakdown field 1.8 Oe




breakdown Ku = 3.9 Merg/cm
3
Ku = 3.9 Merg/cm
3
Walker breakdown field Ku = 3.9 Merg/cm
3 1.67 Oe 1.8 Oe
1100cm/s Walker
breakdown








Precessional motion Bloch line 1 2
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DMI Walker breakdown DMI=0.06 erg/cm2
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